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Introduction
[2] The oceans play a major role in the earth's carbon cycle [Millero, 2007] . In order to determine the full impact of humans on the carbon cycle, it is important to fully understand the natural cycle. Until recently, it was thought that marine biogenic production of calcium carbonate was dominated by coccolithophores and foraminifera [Feely et al., 2004] . However, Wilson et al. [2009] showed that teleost fish also contribute to carbonate production by up to 15% or higher of the global carbonate production. These bony fish continually produce a high magnesium calcite (defined as >4% Mg) as a byproduct of osmoregulation [Grosell, 2011] . The solubility plays an important role in determining the behavior of CaCO 3 in seawater. The dissolution of high magnesium calcite occurs according to the following reaction:
(where x is the mole fraction of Mg 2+ . The stoichiometric solubility product constant (pK* sp ) is defined as:
where brackets denote concentration (mol/kg-sw). By definition, the activity of pure solid CaCO 3 is taken as 1 and is thus left out of equation (2). We assume that the activity of the mixed solid is also 1 for comparison with aragonite, although the increased solubility could be related to variations in the activity of the mixed solid. The saturation state, W, is:
The subscript i refers to the crystalline form (aragonite, calcite, or fish-produced magnesium calcite). For pure aragonite or calcite equation (3) simplifies to:
[3] Thorstenson and Plummer [1977] showed that this equation can also be applied to high magnesium calcites. The depth at which W i = 1 is the saturation horizon for that crystalline form. Surface waters are supersaturated (W > 1) with respect to calcite and aragonite. Saturation state decreases with depth as a result of the effects of pH, temperature and pressure. As biogenic calcium carbonate particles fall through the water column they should begin to dissolve below the depth at which W = 1. Since biogenic high Mg calcites with Mg greater than about 10 mol % are known to be more soluble than aragonite [Morse and Mackenzie, 1990; Morse et al., 2007 Morse et al., , 2003 ], this fish-produced CaCO 3 was hypothesized to dissolve higher in the water column than other biogenic carbonates and thus play an active role in the carbon cycle in near surface waters [Plummer and Mackenzie, 1974; Bischoff et al., 1987; Wilson et al., 2009] . It has long been held that since the surface ocean is supersaturated with respect to both calcite and aragonite, carbonate dissolution can only occur at great depth [Sverdrup et al., 1941; Broecker, 1977] . However, there are several lines of evidence that suggest that 50-71% of calcium carbonates exported from the surface is dissolved above the aragonite saturation horizon [Feely et al., 2002; Milliman et al., 1999; Milliman and Droxler, 1996] . The dissolution of a more soluble form of 1 CaCO 3 has been proposed as a possible explanation [Byrne et al., 1984] , but no probable source was identified until recently [Wilson et al., 2009] . Shoal water containing biogenic high magnesium calcites (a portion of which is likely fish-produced) can contribute as a source and may be significant locally; this is reviewed in chapter 5 of Morse and Mackenzie [1990] . A higher solubility of fish-produced CaCO 3 would mean that surface waters would become under-saturated sooner and would respond quicker to ocean acidification than currently expected based on aragonite solubility. This was demonstrated for high magnesium calcites by Morse et al. [2006] . To test the above hypothesis and to better understand the role of fish in the carbon cycle, we have determined the solubility of carbonates produced by the gulf toadfish (Opsanus beta).
Methods
[4] The carbonates were collected directly from the fish intestines following euthanasia and dissection as detailed previously [Taylor and Grosell, 2006] or from the bottom of the fish tanks (S P = 34, 25 C) after the precipitates have been excreted by the fish. In the latter case, precipitates were collected, using disposable Pasteur pipettes, from the bottom of the holding tanks. The fish were not fed for at least 72 h prior to collection in order to ensure only carbonates were collected. Following collection, the carbonates were rinsed to remove any organic coatings with milli-Q, or cleaned with 3 sequential treatments of excess sodium hypochlorite (commercial bleach) for $3 h (agitated every 10-15 min.), the hypochlorite is then siphoned off after particles have settled by gravity [Gaffey and Bronnimann, 1993] and finally rinsed 3 times with milli-Q water, to eliminate any microbes that could potentially create microenvironments and influence solubility. After cleaning the precipitates were filtered through 0.45 mm filter and dried. The magnesium and calcium content of the precipitates was determined after acid digestion by flame atomic adsorption spectrometry [Heuer et al., 2012] . In brief, precipitates where sonicated using a rod sonicator in 10 ml deionized water, after which pH was lowered to 4.00 by addition of HCl under continuous gassing with N 2 . HCl was added continuously until pH remained stable at 4.00 after which the resulting solution was recovered for analysis of Ca 2+ and Mg 2+ using certified elemental standards.
[5] The solubility of the fish-produced high magnesium calcite was determined using the method developed by Garrels et al. [1960] and first applied to high magnesium calcites by Chave et al. [1962] then later by Plummer and Mackenzie [1974] , Bischoff et al. [1987] and Busenberg and Plummer [1989] . Three main disadvantages of this method should be pointed out. The first is that we assume the solids have a fixed composition and only one component, whereas the solids are actually a series of at least two components. Second, the magnesium calcite phases dissolve incongruently causing the composition of the solid to change as the reaction proceeds. Third, the solubilities are relative since the reaction is not reversible. Extrapolation to infinite time helps to overcome the second and third problem. The problems are discussed in greater detail in Morse and Mackenzie [1990] and references there in. The measurements were made in a closed cell thermostated to 25 C with a Neslab temperature bath using Gulf Stream seawater (Practical Salinity, S P ≈ 36.5) equilibrated with the lab atmosphere. The seawater was filtered through 0.45 mm Pall Science Supor ® filter before use and again after equilibration to remove any undissolved particles. The pH (on the seawater scale) was monitored as a function of time (t) during the dissolution of fish-produced CaCO 3 . The pH was determined with a Orion pH meter using Ross glass and Ag,AgCl reference electrodes and recorded every half hour for the duration of the experiment. Measured pH's were plotted as a function of the inverse of the square root of time (t À0.5
) and a linear equation was fitted to the linear portion. The pH extrapolated to t À0.5 = 0 equals the equilibrium pH. The experiment was stopped when the measured pH was within 0.1 units of the extrapolated (metastable-equilibrium) pH. The extrapolation assumes that the reaction order is the same as for calcite and aragonite. This analysis takes $15 days for aragonite and up to 40 days for fish-produced carbonates, depending on the amount of solid used and their surface area. The electrodes were calibrated with TRIS seawater buffers before and after each experiment to account for any drift, which was found to be less than 0.006 pH units over 40 days. The difference between the initial and final total alkalinity (TA) was used to determine the amount of carbonate solid dissolved. The initial and final total alkalinity was measured by potentiometric titration with a $0.25 m HCl solution in an open cell at 25 C [Millero et al., 1993] . The HCl was calibrated using A. Dickson CO 2 standards (Scripps, San Diego, CA). The precision was 2 mmol kg À1 . The changes in TA and equilibrium pH were used to determine the mineral solubility product. The CO 2 sys program of Pierrot et al. [2006] was used to calculate the [CO 3 2À ] from pH and TA using the CO 2 constants of Millero et al. [2006] . The initial Ca 2+ concentration was determined from the Practical Salinity (S P ) using the ratio of Ca 2+ to S P ([Ca 2+ ] = 2.934 Â 10 À4 * S P ). The Practical Salinity was measured with a Guiline Portosal salinometer calibrated with standard seawater. The final Ca 2+ concentration for the pure aragonite and calcite can be determined from changes in TA and were found to change the pK* sp by less than 0.003. This is insignificant compared to the precision of the method, and would be even less for the mixed solids. The reliability of the solubility methods were demonstrated by measuring the solubility of aragonite and calcite (both from Alfa Aesar) which are well known [Mucci, 1983 , Morse et al., 1980 .
Results and Discussion
[6] An example measurement of the aragonite solubility is shown in Figure 1 . These measurements yield a value of pK* sp = 6.17 AE 0.2 (n = 3), which is in good agreement with the value determined by Morse et al. [1980] for equilibration times in excess of 2 months (pK* sp = 6.18). The single run of calcite equilibration experiment yielded a value of pK* sp = 6.40, which is excellent agreement with Morse et al.
[1980] of 6.35. The standard deviation for aragonite of 0.2 is assumed to be the precision of the method.
[7] Five solubility measurements were made of the fishproduced calcium carbonate. The precipitates were crystalline with elipsoidal morphology similar to other marine teleosts classified by Perry et al. [2011] . A Scanning Electron Microscope (SEM) picture of the precipitates produced by a gulf toadfish is shown in Figure 2 . Powder X-ray diffraction spectra (XRD) and (SEM) pictures of precipitates produced by another marine teleost, the European flounder, are given in the supplemental material of Wilson et al. [2009] . Perry et al. [2011] give XRD and Energy-dispersion X-Ray (EDX) of 11 different fish species in their supplemental material confirming that it is a high magnesium calcite with a maximum of 48.9 mol %. The magnesium content of the toadfish precipitates analyzed in the present study was found to be 47.9 mol % AE 0.7 (n = 8) [Heuer et al., 2012] . Perry et al. [2011, Figure 3] show that fish produced carbonates with ellipsoidal morphology, similar to the gulf toadfish, had a high Mg content of greater than 40 mol%. Although the high magnesium content approaches, compositionally, that of a protodolomite, the conditions of the experiments are unfavorable for dolomite formation, and the high solubility of our results exclude this possibility (a review of dolomite formation can be found in Morse and Mackenzie [1990] ). Results are shown in Table 1 . The average pK* sp for the fish-produced carbonate is 5.89 AE 0.09. This is 1.95 times more soluble that aragonite (pK* sp = 6.18). An example run of the fish carbonate is shown in Figure 3 . There does not appear to be a difference in solubility between samples collected from the tank and those collected directly from the intestine, based on a student t-test at a 99% confidence interval. To examine if bacteria on or within the carbonates influences solubility by the creation of microenvironments, two experiments were done with precipitates cleaned using the methods of Gaffey and Bronnimann [1993] . The difference between values obtained from cleaned and un-cleaned precipitates was not statistically significant at the 99% confidence interval, as determined by a student t-test, ruling out a role of bacteria in the high solubility of fish produced CaCO 3 . It should be noted that a clear inflection occurs in the pH versus t À0.5 graph for the fish carbonates which does not occur for either aragonite or calcite. The cause of the observed inflection for the fish-produced carbonates T indicates precipitates were collected from the tank in which the fish were held. I indicates precipitates were collected directly from the fish intestines. C indicates precipitates were cleaned by methods of Gaffey and Bronnimann [1993] .
( Figure 3 ) can only be speculated at this time, but it may be due to changes in the Mg 2+ content as the crystals dissolve. Plummer and Mackenzie [1974] showed that during the dissolution of high magnesium calcites there is a stage where the magnesium and calcium dissolve incongruently causing changes in the magnesium content of the crystals over time. Determining the cause is beyond the scope of this current work. However, these observations may indicate more complexity of the fish-produced CaCO 3 precipitates and illustrates difficulties in determining their solubility as discussed in the methods concerning the problems associated with this method. Perry et al. [2011] showed that different species produce carbonates with highly varied morphologies and Mg 2+ content. This implies that solubilities and rates of dissolution may vary by fish species and/or environmental factors and clearly additional work is needed.
[8] The solubility of the fish carbonates was, on average, 1.95 times greater than aragonite, and as much as 2.45 times that of aragonite. This has strong implications for the marine carbonate system. These more soluble carbonates will begin to dissolve much higher in the water column than other biogenic carbonates. Sediment trap data have shown that 50-71% of calcium carbonate produced in surface waters dissolves in the upper ocean [Feely et al., 2004] well above the saturation horizon of aragonite (the less stable polymorph of the more commonly recognized carbonate polymorphs) where, thermodynamically, dissolution should begin. Dissolution above the saturation horizon is also supported by total alkalinity profiles which show an increase in normalized total alkalinity (NTA) above the aragonite saturation horizon [Feely et al., 2004] . Many different explanations have been proposed: dissolution in the guts of zooplankton [Langer et al., 2007] , dissolution in microenvironments formed by bacterial oxidation of organic matter [Jansen et al., 2002] and dissolution of more soluble forms of CaCO 3 such as pteropods or high magnesium calcite [Byrne et al., 1984] . Dissolution in guts of zooplankton or microenvironments was shown to be limited [Langer et al., 2007; Jansen et al., 2002] , but a source of more soluble CaCO 3 has been lacking. Our results show that fish-produced calcium carbonates are likely a major source of the more soluble CaCO 3 that Byrne et al. [1984] originally proposed. This is illustrated in Figure 4 which shows plots of TA normalized to a salinity of 35 from the North Pacific, North Atlantic and Southern Ocean along with the saturation horizons for both aragonite and fish-produced CaCO 3 (W i = 1). The W's were calculated using the CO 2 sys program using the CO 2 constants of Millero et al. [2006] from pH and TA at in situ conditions. The saturation horizon for the fish-produced high magnesium calcite is nearly coincident with the depth at which the NTA starts to increase. In some polar regions, such as the Southern Ocean, surface waters are already under-saturated with respect to fish-produced high magnesium calcite. The surface NTA in the Southern Ocean is also higher than in the North Atlantic and North Pacific. This further supports the hypothesis that the fish-produced material is dissolving in the upper ocean causing the increase in normalized total alkalinity. The present study represents the first measurements of fish-produced CaCO 3 solubility and provides further support to the hypothesis [Wilson et al., 2009 ] that a more soluble form of CaCO 3 produced by teleost fish is a likely contributor to carbonate dissolution above the aragonite saturation horizon.
